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Herein, we describe a nickel-catalyzed reductive decarboxylative difluoromethylation reaction of alkenes
using inexpensive and easy-to-handle difluoroacetic anhydride (DFAA)/pyridine N-oxide reagent system. A
variety of C(sp?)-CF,H containing compounds were prepared through a hydrodifluoromethylation process.
Besides, various gem-difluoroalkenes bearing CF,H group were synthesized via defluorinative reductive
cross-coupling process from trifluoromethyl-substituted alkenes using this new reaction system. Difluo-
roacetic anhydride has been then extended to other common alkyl anhydrides, and the corresponding
hydroalkylation and defluoroalkylation processes have been successfully achieved. This method features
broad substrate scope, good functional group tolerance as well as high efficiency.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The incorporation of fluorine and fluorinated group is a widely
applied strategy to improve the biological activity and other phar-
macokinetic properties of lead compounds [1-9]. In particular, the
difluoromethyl group (CF,H) has caught enormous attention in
medicinal chemistry and organic chemistry since it can act as not
only a lipophilic hydrogen donor but a bioisostere of amine, hy-
droxyl and thiol groups (Scheme 1A) [10-13]. Thus, the develop-
ment of efficient methods for difluoromethylation reaction is al-
ways in great demand during the past several decades [14-22].

Alkene functionalization is a considerable strategy for rapidly
increasing molecular complexity from simple starting materi-
als [23-28]. Among them, the direct hydrodifluoromethylation of
alkenes for constructing C(sp?)-CF,H bond have been achieved us-
ing different types of difluoromethylating regents [29-33]. In 2015,
Dolbier reported a photoredox-catalyzed reductive difluoromethy-
lation of electron-deficient alkenes using difluoromethanesulfonyl
chloride (HCF,SO,Cl) [34]. A year later, Qing developed a visible-
light-induced hydrodifluoromethylation of unactivated alkenes
with bromodifluoromethylphosphonium bromide [Ph3PCF,Br]*Br-
[35]. Shortly after, the same group further reported the hydrodi-
fluoromethylation using phosphonium salt [Ph3PCF,H]*Br~ under
photocatalytic conditions [36]. Xiao [37] and Chen [38] simplified
the conditions and achieved hydrodifluoromethylation of alkenes
without the need for photocatalysts in 2019 and 2022, respectively.
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Gouverneur reported the hydrodifluoromethylation of alkenes us-
ing difluoroacetic acid and phenyliodine(Ill) diacetate in 2019 [39].

Then later, Wu group reported a photocatalytic radical hy-
drodifluoromethylation of unactivated alkenes with chlorodifluo-
romethane (CICF,H) [40]. In 2021, Hu described a hydrodifluo-
romethylation of electron-deficient alkenes by electrochemical re-
duction of difluoromethyl sulfone (Het)ArSO,CF,H [41]. Kim then
extended the scope to both unactivated and activated alkenes us-
ing sulfone PhSO,CF,H via an electroreductively triggered two-
pronged approach [42]. Although the efficient hydrodifluoromethy-
lation of alkenes have been achieved under some photoinduced
or electrochemical conditions, most of these methods require the
use of complex CF,H-based reagents, or strong oxidants or expen-
sive photocatalysts (Scheme 1B, 1-7). The development of difluo-
romethylation with inexpensive and readily available regents under
scalable and operationally conditions remains unexplored.

Transition metal-catalyzed difluoromethylation reaction has
been established during the last few years [43-52]. Nevertheless,
transition metal-catalyzed hydrodifluoromethylation of alkenes
have been seldom reported. More recently, Chu developed a silver-
enabled difluoromethylation reaction of alkenes with TMSCF,H,
thus improving the practicability of such reactions (Scheme 1B, 8)
[53]. However, the use of chemical equivalent silver reagent does
increase its cost.

Difluoroacetic anhydride (DFAA) is considered as an attractive
difluoromethyl free-radical regent in terms of its low cost, scal-
ability and ready availability. However, the application of DFAA
as a difluoromethylating source was still rather limited due to its
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Scheme 1. Nickel-catalyzed difluoromethylation of alkenes.

high reduction potential. Over the past decade, nickel catalyzed de-
carboxylation coupling reactions have been established well [54-
59]. And the application of nickel in difluoromethylation reaction
is always highly desirable considering its inexpensive, abundant
and sustainable advantages [60-64]. While nickel-catalyzed difluo-
romethylation reaction using DFAA through a decarboxylative pro-
cess has never been reported before. To note, Stephenson et al. in
2015 reported a strategy for the generation of CF; radical from tri-
fluoroacetic anhydride/pyridine N-oxide using photoredox catalysis,
and this method is applied for trifluoromethylation of vinyl, aryl
and heteroaryl substrates [65]. In addition, Zhong’s group accom-
plished a photoinduced fluoroalkyl radical cyclization of alkyne to
construct the fluorinated seven-membered ring skeleton using flu-
oroalkyl anhydrides, in which only one difluoromethylated product
was obtained [66].

Upon these relevant studies, we herein report the first ex-
ample of nickel-catalyzed reductive difluoromethylation reaction
of electron-deficient alkenes with DFAA/pyridine N-oxide. A vari-
ety of C(sp?)-CF,H containing compounds were prepared through
a hydrodifluoromethylation process. In addition, various gem-
difluoroalkenes bearing CF,H group were synthesized via deflu-
orinative reductive cross-coupling process from trifluoromethyl-
substituted alkenes using this new reaction system. Difluoroacetic
anhydride has been then extended to other common alkyl anhy-
drides, and the corresponding hydroalkylation and defluoroalkyla-
tion processes have been successfully achieved (Scheme 1C).

The nickel-catalyzed difluoromethylation reaction of benzyl 2-
phenylacrylate 1a with DFAA was initially attempted. To our de-
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Table 1
Optimization of reaction conditions.?
Og OB
" o o NiBr,dme (10 mol%) Oxy-0Bn
D @ L5 (15 mol%) CFH
HF,C™ "0™ "CFH Z3°07  Li,CO; (3.0 equiv.)
Mn (3.0 equiv.
1a, 0.2 mmol ( quiv.) 2a

DMA, 30 °C, 36 h

\/EH]C%

L4

t-Bu t-Bu

terpyndme
Entry Deviation from standard condition Yield (%)
1 None 92
2 Without Ni 15
3 NiCl, instead of NiBr,-dme 89
4 Ni(COD), instead of NiBr,-dme 50
5 Ni(ClO4);"6H,0 instead of NiBry-dme 65
6 Without Ligand 60
7 L1 instead of L5 45
8 L2 instead of L5 69
9 L3 instead of L5 52
10 L4 instead of L5 64
11 Without Mn 0
12 Zn instead of Mn 60
13 2.0 equiv. of Mn 45
14 4.0 equiv. of DFAA/pyridine N-oxide 62
15 Without Li;CO3 56
16 LiCl instead of Li;CO3 70
17 KF instead of Li,CO3 25

2 Reaction conditions: alkene 1a (0.2 mmol), DFAA (1.0 mmol), pyridine N-oxide
(1.0 mmol), Li;CO3 (0.6 mmol), Mn (0.6 mmol), NiBr,-dme (10 mol%), L5 (15 mol%),
DMA (0.1 mol/L), N,, 36h.

light, we found that the combination of pyridine N-oxide as an ac-
tivator for DFAA, Li,CO3 as a base, Mn as a reductant, NiBry,-dme
as a catalyst and ter-pyridine as a ligand readily gave the desired
C(sp3)-CF,H product 2a in 92% yield (Table 1, entry 1). Without
the nickel catalyst, the yield decreases dramatically, which shows
that the catalyst can significantly promote this difluoromethylation
process (entry 2). Several nickel catalysts including NiCl,, Ni(COD),
and Ni(ClO4),-6H,0 were capable to generate the desired CF,H
product (entries 3-5), while NiBr,-dme was found to be the op-
timal. In the absence of terpyridine or the use of various other
common nitrogen ligands L1-L4 (entries 6-10) only provided prod-
uct 1a in the lower yields. The reductant Mn was essential for this
transformation, and no desired CF,H product was detected in the
absence of Mn (entry 11). A significant decrease of yield was ob-
served when the Mn was replaced with Zn (entry 12). Decreasing
the loading of Mn or DFAA/pyridine N-oxide could lead to a de-
crease in the yield (entries 13 and 14). Lower product yields were
detected when the Li,CO3 was absent, or replaced with other salts
like LiCl or KF (entries 15-17).

With the optimal reaction conditions in hand, the scope of
this nickel-catalyzed reductive difluoromethylation of alkenes was
then explored. As shown in Scheme 2, a broad range of electron-
deficient alkenes were well tolerated, and were converted into the
desired C(sp?)-CF,H products in moderate to excellent yields. A se-
ries of 2-phenylacrylic esters (2a-2d) were first examined and the
corresponding difluoromethylated products were obtained in good
yields. Substrates bearing methyl, fluorine, chlorine, bromine and
phenyl on the aromatic ring were well tolerated, providing the de-
sired products in good to excellent yields (2e-2i). The pyridine-
containing substrate 1j was also compatible with this difluo-
romethylation. In addition, the aryl methacrylates were found to
be well applicable to this hydrodifluoromethylation reaction. Nu-
merous mono- and di-substituted phenyl methacrylates from phe-
nol derivatives showed good reactivities, including 4-CN, 4-MeO
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Scheme 2. Nickel-catalyzed hydrodifluoromethylation of alkenes using DFAA. Reaction conditions: alkene (0.2 mmol), DFAA (1.0 mmol), pyridine N-oxide (1.0 mmol), Li,CO3;
(0.6 mmol), Mn (0.6 mmol), NiBr,-dme (10 mol%), L5 (15 mol%), DMA (0.1 mol/L), N, 30°C, 36 h, isolated yields.

or 4-PhO substituted phenol, 4-cumylphenol, carvacrol, sesamol
and eugenol (2k-2n, 2p-2r). Phenyl acrylate was also suitable sub-
strate, giving the desired product 20 in 62% yield. Reaction with
2-naphthol and 7-hydroxycoumarin derivatives could occur, result-
ing in the products 2s and 2t in 87% and 58% yields, respectively.
Amides were also amenable, giving the desired products 2u and 2v
in relatively lower yields. Acrylonitrile could be converted to the
corresponding product 2w in 90% yield. Unsaturated ketone was
also well tolerated, giving the product 2x in 79% yield. To our grat-

ifying, this protocol was applicable to the late-stage functionaliza-
tion of complex alkenes derived from natural products and biolog-
ically active molecules. Vitamin E, mecarbinate, pterostilbene, and
cholesterol derivatives were all suitable substrates, delivering the
desired C(sp3)-CF,H products in good yields (2y-2ab).

Notably, when trifluoromethyl alkenes were applied to this
nickel-catalyzed difluoromethylation approach, an allylic defluori-
native reductive cross-coupling process occurred, affording a se-
ries of multifluorinated molecules containing CF,H and gem-
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difluoroalkene moities (Scheme 2b) [67]. Substrates bearing
electron-donating or electron-withdrawing substituents in ortho,
meta or para position of aryl ring were well tolerated, providing
the multifluorinated products in moderate to good yields (3a-3Kk).
Heteroaryl substituted trifluoromethyl alkene could also afford the
corresponding product 31 in 66% yield, successfully.

Throughout the course of this study, other fluoroalkyl or
chloroalkyl acids anhydrides, such as trifluoroacetic anhydride,
chlorodifluoroacetic anhydride and chloroacetic anhydride, were
found to be unreactive. Additionally, 1-octene, 4-phenyl-1-butene
and 4-vinylbiphenyl failed to undergo the difluoromethylation un-
der this system.

During the past few years, nickel-catalyzed allylic defluorina-
tive alkylation of trifluoromethyl alkenes have been well devel-
oped [68-72]. Among them, in 2019, Fu’s group reported an effi-
cient synthesis of gem-difluoroalkenes through a decarboxylation
process of redox-active esters [73]. Inspired by this work, we envi-
sioned that this acid anhydride/pyridine N-oxide system could also
be applied to the defluorinative alkylation reaction as an alkyl rad-
ical precursor. Under the above newly established standard condi-
tions, the alkylation product 4a was only isolated in 56% yield with
a low conversion efficiency. Satisfyingly, a significant increase of
yield was observed when the Mn was replaced with Zn. We then
gratifyingly found that the diverse aryl and heteroaryl substituted
trifluoromethyl alkenes underwent this nickel-catalyzed defluori-
native alkylation under the modified conditions, rendering the cor-
responding products 4a-4g with good efficiency and functional
group tolerance. Primary, secondary and tertiary acid anhydrides
(or in-situ mixed acid anhydride) were all well tolerated, providing
the gem-difluoroalkene products 4h-4l in good to excellent yields.
Dehydrocholic acid mixed anhydride also worked well as an exam-
ple of LSF of complex molecule, giving the desired product 4m in
74% isolated yield (Scheme 3).

Fortunately, the nickel catalyzed hydroalkylation of conjugated
olefins has also been successfully achieved under simply modified
conditions. Monosubstituted and disubstituted alkyl esters were
amenable, giving the desired hydroalkylative products 5a and 5b in
good yields. Enamide derivative 5¢ could also be obtained in 56%
yield (Scheme 4).

To gain more insights into the mechanism of this nickel-
catalyzed difluoromethylation reaction, several control experiments
were conducted (Scheme 5). When TEMPO was added to the reac-
tion of benzyl 2-phenylacrylate 1a with DFAA on the standard con-
ditions, TEMPO-CF,H adducts were detected by °F NMR in 82%
yield, while the C(sp3)-CF,H product 2 was not observed (Scheme
5A). Besides, the reaction of (1-cyclopropylvinyl)benzene 6 with
DFAA on this new established system provided the allylic-CF,H
product 7 in a 15% isolated yield, indicating a probable gener-
ation of a CFyH radical (Scheme 5B). Inspired by Zhang’s work,
a [NiCF,H] complex A was prepared according to the reported
method (for details, please see Support information) [74]. While
the ter-pyridine was screened as the optimal ligand in our new
established approach, 4,4’-ditBu-Bpy (L2) could also provide 2a in
69% yield (Table 1, entry 8). However, reaction of alkene 1a with
this complex A failed to afford the desired product 2a (Scheme 5C).
Considering that a small amount of difluoroacetic acid contained in
the DFAA reagent may participate in the protonation process, the
reaction of alkene 1a with complex A in the presence of 2.0 equiv.
of difluoroacetic acid or H,O were performed. Nevertheless, the
product 2a was also not observed under this condition (Scheme
5D). In addition, compound 3a could not be obtained from trifluo-
romethyl alkene S27 using the complex A (Scheme 5E). These re-
sults implied that this difluoromethylation reaction initiated from
an oxidative addition process of DFAA/N-oxide adduct to Ni(0) is
less possible. Futhermore, when two or four equivalents of D,0
was added to the reaction of 1a with DFAA under the standard
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conditions, 36% or 57% deuterium incorporation of products were
observed, respectively (Scheme 5F). No deuterated products were
observed when DMF-d; was used as solvent (Scheme 5G). These
results suggest the reaction may proceed via a protonation process
from the water in this system.

Based on these experimental results and prior mechanistic in-
vestigations of Ni-catalyzed cross-coupling reactions with anhy-
drides or redox-active esters [54-58,75-78], a reasonable catalytic
cycle starting from Ni(I) catalyst is proposed in Scheme 6. The
Ni(I) species were also approved as active form of the catalyst in
a nickel-induced fluoroalkylation reaction reported by Budnikova
[79]. The DFAA/N-oxide adduct A could be readily reduced by
the Ni(I) catalyst, generated from the reduction of Ni(Il) precat-



Z. Ai, H. Chen and X. Liao

O TEMPO (3 0 equiv.)

N 2a
HFZC CFZH standard conditions ! not observed

HF,C*
82%, from 9F NMR

B)
o O
)l\ )l\ standard conditions
+ HF,C™ "O0” "CF,H
6

15%, |so|ated yield

Bu
Os_-OBn

/ \ [ standard conditions ©I/CFZH
1a

Hcm\n/o CF2

1a

2a, not observed

(ji/c F,H

2a, not observed

o complex A

By 0s_OBn
/ \
1a

CF,HCOOH (2.0 equw
or HZO (2.0 equiv.)

standard conditions
HF,C O CFZ

o complex A

/ \ CFH
standard conditions

HFZC\n/O CFz 3a, not observed

©I/CF2H

2.0 equiv. of D,0: 36% D in 2a
4.0 equiv. of D,0O: 57% D in 2a

QI/CFZH

35% yield, 0% D in 2a

o complex A

(2 0 ur4 0 equiv.)
CFZH

o
Hcm CFZ
Scheme 5. Mechanistic studies. (A) Reaction in the presence of TEMPO. (B) Reac-
tion with cyclopropyl alkene. (C) Reaction of complex A with alkene 1a. (D) Reac-
tion of complex A with alkene 1a in the presence of difluoroacetic acid. (E) Reaction

of complex A with trifluoromethyl alkene S27. (F) Deuterium labeling experiment
using D,0. (G) Deuterium labeling experiment using DMF-d;.

standard conditions
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alyst, to provide a Ni(Il) complex and the HCF, radical. We be-
lieve that lithium ions may have played a promoting role in this
decarboxylation process [58]. The capture of this HCF, radical by
the alkene substrate generated the radical intermediate B. Then a
Ni(Ill)-enolate C or Ni(Ill) alkyl intermediate D would be formed
from the combination of Ni(Il) complex with the radical interme-
diate B. Then intermediate C underwent a protonation process to
deliver the desired hydrodifluoromethylated product 2 and a Ni(III)
complex. When the R! was CF; group, the Ni(Ill) alkyl intermedi-
ate D would undergo a facile S-F elimination process to deliver the
defluorinative product 3 due to good match between Ni(lll) and F
anion based on HSAB. As a final step, the Ni(Ill) complex could be
reduced by Mn powder to re-generate the Ni(I) catalyst.

In conclusion, we have developed a nickel-catalyzed decar-
boxylative reductive difluoromethylation reaction of alkenes using
cost-efficient and practical DFAA/pyridine N-oxide reagents system
for the first time. This reaction exhibits broad substrate scopes and
good functional group tolerance. A wide range of C(sp3)-CF,H con-
taining compounds were synthesized under mild condition. In ad-
dition, various gem-difluoroalkenes bearing CF,H group were also
prepared using this new established strategy. Difluoroacetic anhy-
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dride has been then extended to other common alkyl anhydrides,
and the corresponding hydroalkylation and defluoroalkylation pro-
cesses have also been successfully achieved.
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